The development of glyoxysomes during germination has been studied in isolated peanut (Arachis hypogaea L.) cotyledons and in maize (Zea mays L.) scutella. In peanut cotyledons isocitratase, malate synthetase, and protein associated with the glyoxysomal fraction increase simultaneously from the 3rd to the 8th day of incubation. In scutella of germinating maize seeds the specific activities of isocitratase, malate synthetase, and catalase associated with the glyoxysomes rise until the 4th day of germination and then decline while the total amount of protein present in the fraction stays constant during the first 5 days. If the peanut cotyledons are cultured in 2% glucose, the development of isocitratase and malate synthetase is severely inhibited, but the level of the glyoxysomal protein is not measurably affected.
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Glyoxysomes are subcellular organelles, present in fat-storing tissues of higher plants, which contain the enzymes necessary for the operation of the glyoxylate cycle. They have been isolated by means of density gradient centrifugation from castor bean, watermelon, and peanut seeds (2, 4) . The two key enzymes of the glyoxylate cycle, isocitratase and malate synthetase, which are localized chiefly in the glyoxysomes, undergo striking changes in activity during germination (5, 13) . They are present at very low levels in the dry seeds, increase greatly during the first 4 to 5 days of germination, and then decline again. It has been shown that the increase of isocitratase and malate synthetase activity in peanut cotyledons is due to synthesis de novo of the two enzymes (8, 11) , but comparatively little is known about the development of the particles themselves (7) . It may be that the glyoxysomal particles are assembled at the same time that the glyoxylate cycle enzymes are synthesized. Alternatively, one could thing that newly synthesized enzymes are introduced into preexisting particles. This paper provides some information about the development of glyoxysomes in peanut cotyledons and maize scutella.
MATERIALS AND METHODS
Peanut seeds (Arachis hypogaea L.) were of the strain Virginia R-56, 1966 Michigan 62-91. Isolated peanut cotyledons were cultured as described previously (11) . Maize seeds were surface-sterilized with 1% sodium hypochlorite for 10 min, rinsed with running tap water, and soaked in distilled water for 24 hr at 27 C. They were then planted in plastic trays containing moist vermiculite and kept in darkness at 27 C and 60% humidity. For preparing glyoxysomes, the scutella were excised from the endosperm and freed from the embryonic axis.
Preparation of Glyoxysomes. The tissue (20 g of peanut cotyledons or 12 g of maize scutella) was minced with a razor blade and gently homogenized with a mortar and pestle with 3 volumes of the grinding medium described by Breidenbach and Beevers (2) . Hepes (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) was used, however, instead of tris as a buffering agent. The homogenate was filtered through four layers of cheesecloth. The particulate fraction sedimenting between 480 and 10,800g after 10 min, which contains mostly mitochondria and glyoxysomes, was carefully homogenized with a Potter-Elvehjem homogenizer in about 2 ml of 35% (w/v) sucrose. An aliquot of this suspension containing about 15 mg of protein was layered on a continuous 35 to 65% (w/v) sucrose gradient and spun in the SW-25.1 Spinco rotor at 25,000 rpm and 0 C for 4 hr. A 3-ml cushion of 65%G (w/v) sucrose having the density of 1.25 g/cc at 0 C was present at the bottom of the gradient. The sucrose used for the gradient (Mann, gradient grade) was dissolved in a medium containing 10 mm Hepes, pH 7.5; 1 mm EDTA; and 1 mM dithiothreitol. A nearly complete separation of mitochondria and glyoxysomes is obtained in this way. The glyoxysomes form a yellow-greenish pellet under these experimental conditions while the mitochondrial band comes to equilibrium halfway down the centrifuge tube (density = 1.19 g/cc). Practically all of the cytochrome oxidase activity present in the 10,800g pellet is recovered in this band. A second very faint band corresponding to a density of 1.22 g/cc appeared sometimes in the peanut preparation, but was always totally absent in the maize preparation. This band probably corresponds to the proplastids which were isolated by other research workers with similar procedures and found to have a density of 1.22 to 1.23 g/cc (2, 4) . The absence of a detectable proplastid band in maize scutella may be due to the presence in these organelles of large starch grains which cause them to sediment with the 480g fraction.
The mitochondrial band was collected from above with a Pasteur pipette, diluted with grinding medium, and pelleted down at 23,500g for 20 min. Both the mitochondrial and glyoxysomal pellets were resuspended in 0.5 ml of 0.5 M sucrose dissolved in 10 4 (top). Glyoxysome fraction isolated from maize scutella after 4 days of germination. X 14,000. FIG. 5 (bottom). Glyoxysome fraction isolated from maize scutella after 24 hr of germination. The fraction looks rather heterogeneous. Small electron-dense bodies fill out most of the field. A single glyoxysome-like particle can be seen in the center of the niicrograph. X 33,000.
ing to Chance and Maehly (5) , and cytochrome oxidase according to Smith (12) . Triton X-100 was added at a final concentration of 0. Figure 1 shows the appearance of a glyoxysomal fraction isolated from 7-day-old peanut cotyledons. The fraction looks rather heterogeneous as far as the size and electron density of the particles are concerned. The reason for this inhomogenity seems to be the coexistence of glyoxysomes at different stages of osmotic swelling rather than the presence of several kinds of cell organelles. Many glyoxysome-like particles appear indeed to have suffered osmotic damage. Some mitochondria and membranes are the main contaminants. The glyoxysomes are bounded by a single membrane: their stroma has a granular appearance and shows zones of different electron density. A very electron-dense body is present in many of the particles (Fig. 2) . Some of the glyoxysomes contain also tubular structures (Fig. 3 ) similar to those found in rat liver microbodies (1) . A fraction isolated from maize scutella after 4 days of germination (at this time the glyoxylate cycle enzymes reach their peak level in the particles) has a similar appearance (Fig. 4) . The stroma seems, however, to be more homogeneous, and no electron-dense bodies can be seen inside the organelles. A glyoxysomal fraction isolated in the same way from scutella after 24 hr of germination has quite a different composition: the chief components are very electrondense bodies which are smaller than the glyoxysomes. A few glyoxysome-like organelles are also present, but much less frequently than in the 4th day fraction (Fig. 5) . Figure 6 shows the increase in the amount of glyoxysomes (estimated as protein in the density gradient pellet) and two of their characteristic enzymes, isocitratase and malate synthetase, in isolated peanut cotyledons. As can be seen, the glyoxysomes do not appear until the 3rd day of imbibition. From the 3rd to the 8th day both the amount of glyoxysomes and the specific activity of the enzymes contained in them increase at a nearly linear rate. This increase of isocitratase and malate synthetase in the glyoxysomal fraction closely parallels the increase in the whole tissue (Fig. 7) . The levels of the two enzymes are rather low in the cotyledons during the first 3 days when the glyoxysomes are not yet present and increase strongly thereafter. All of the isocitratase and malate synthetase activities present during the first 2 days can be recovered in the 10,800g supernatant while at the 7th day about 65% of these enzymes is found in the 10,800g pellet. Identical results are obtained using intact seeds in place of the isolated cotyledons. This reasonably rules out the influence of the embryo axis on the formation of the glyoxysomes.
Glucose is supposed to repress the synthesis of isocitratase in several fat storing plant tissues (10) . If the peanut cotyledons are cultured in a solution of glucose instead of water, the levels of isocitratase and malate synthetase are reduced. A 70% inhibition of isocitratase activity can be obtained with 0.11 M glucose. No bacterial or fungal contamination is observed even after 7 days if sterile methods are used. (Most of this contamination seems to be associated with the seed coat which is discarded before excising the cotyledons from the embryonic axis.) The reduction of the isocitratase and malate synthetase levels can be observed both in the crude extract and in the purified glyoxysomal fraction. The degree of inhibition of isocitratase is nearly the same in both cases: 70% in the crude extract and 65% in the glyoxysome fraction. The amount of glyoxysomal protein that can be recovered from 100 g, fresh weight, of tissue is not altered, however, by the glucose treatment (Table I ). The inhibitory effect of glucose seems to be fairly specific for the glyoxylate cycle enzymes (10): we found that catalase, cytochrome oxidase, and the amount of mitochondrial protein that can be recovered from the tissue are hardly affected. The development of the glyoxysomes in the scutellum of maize follows a different pattern than in the peanut cotyledon. Figure 8 shows the changes in specific activity of isocitratase, malate synthetase, and catalase in the glyoxysome fraction of maize scutellum during germination. All three of these enzymatic activities rise sharply until the 4th day of germination and then decay in the next 3 days. Isocitratase is completely absent during the 1st 24 hr of germination and begins to be detectable at 48 hr. A similar pattern can be observed for the cytochrome oxidase activity of mitochondria, but in this case the peak is reached on the 5th day (Fig. 9) . The amount of glyoxysomal material present in the tissue (estimated as milligrams of protein in the glyoxysomal pellet that can be recovered from 100 g, fresh weight, of scutella) behaves in quite a different way. It remains approximately constant during the first 5 days of germination and drops sharply in the next 2 days. Conversely, the amount of mitochondria increases more than 2-fold in the first 5 days. After the 5th day the mitochondrial protein also drops quickly (Fig. 10) .
The fraction of the total malate synthetase activity present in the crude corn scutellum homogenate that can be recovered in the 10,500g pellet undergoes striking changes during germination (Fig. 11) . At 24 hr only about 20%o of the total malate synthetase activity is present in this fraction while at 4 days 75% of the activity can be found in it. At the 7th day this value drops again to about 5% while the bulk of the malate synthetase activity can be recovered in the 10,500g supernatant.
DISCUSSION
The glyoxysomes of peanut cotyledon and of maize scutellum appear to have different patterns of development. In peanut cotyledons no glyoxysomal pellet can be detected until the 3rd day of germination; during the following days the levels of glyoxysomal protein and of the glyoxylate cycle enzymes contained in the organelles increase largely in a parallel manner. This suggests that the particles are assembled at the time when the glyoxylate cycle enzymes are synthesized. In corn the enzymic activities increase too, but the amount of glyoxysomes (esti-mated as protein) appears to be very high on the first day of germination and does not increase significantly during the following days.
The amount of protein present in the glyoxysomal fraction (that is, the fraction sedimenting at the bottom of the sucrose gradient in our experimental conditions) may be, however, an inadequate parameter to describe the variation of the glyoxysomes in size or number (or both) during development. It could be quite possible that the subcellular fraction from corn scutella sedimenting at the bottom of the gradient at the 1st day of germination had an entirely different composition than the fraction that can be obtained at the 4th day. Our electron microscopic data show that this is indeed the case: the 24-hr fraction consists mostly of particles which are smaller and more electron-dense than the typical glyoxysomes that are present in the 4th day fraction. The problem is open whether these particles are precursors of the glyoxysomes or, on the contrary, a completely unrelated cellular component that disappears after the 1st day of germination, at the same time when the glyoxysomes increase. In the latter case the few glyoxysome-like particles that can be seen in the 24-hr fraction would account for the whole malate synthetase and catalase activity present in the pellet and the pattern of glyoxysome development would be similar to that found in the peanut. If, conversely, it will be shown that the 24-hr particles evolve giving rise to the typical 4th day glyoxysomes, one will have to assume that these organelles are built in a multistep process. This process should involve first the assembly of the organelles (possibly during seed maturation) and then the integration into them of the newly synthesized enzymes. Incorporation of preformed, but spatially separated enzyme molecules or activation of enzymes already present in the particles in a latent state could also be possible.
The glyoxysomes of the maize scutellum seem to be rather short-lived. From the 5th to the 7th day of germination there is a dramatic decrease in the level of glyoxysomal protein and of the enzyme activities associated with these particles. The drop in the total activities of isocitratase and malate synthetase present in the crude homogenate is much smaller. This suggests that the particles are broken down after the 5th day of germination and their enzymes are released into the cytoplasm.
The behavior of peanut glyoxysomes in the presence of glucose also suggests that the synthesis of these organelles involves several stages which are controlled by different mechanisms. In conditions that depress strongly the level of isocitratase the total amount of glyoxysomal protein remains practically unchanged. Glyoxysomes isolated from glucose-grown peanut cotyledons look fully like those of the water control. It can be reasonably assumed that glucose (or some metabolite derived from it) controls the rate of synthesis of isocitratase (10) . Our data would then suggest that the repression of isocitratase by glucose does not affect the assembly of the particles.
